A multidisciplinary approach was used to study the effects of pollution from a marine fish farm on nitrification rates and on the community structure of ammonia-oxidizing bacteria in the underlying sediment. Organic content, ammonium concentrations, nitrification rates, and ammonia oxidizer most-probable-number counts were determined in samples of sediment collected from beneath a fish cage and on a transect at 20 and 40 m from the cage. The data suggest that nitrogen cycling was significantly disrupted directly beneath the fish cage, with inhibition of nitrification and denitrification. Although visual examination indicated some slight changes in sediment appearance at 20 m, all other measurements were similar to those obtained at 40 m, where the sediment was considered pristine. The community structures of proteobacterial ␤-subgroup ammoniaoxidizing bacteria at the sampling sites were compared by PCR amplification of 16S ribosomal DNA (rDNA), using primers which target this group. PCR products were analyzed by denaturing gradient gel electrophoresis (DGGE) and with oligonucleotide hybridization probes specific for different ammonia oxidizers. A DGGE doublet observed in PCR products from the highly polluted fish cage sediment sample was present at a lower intensity in the 20-m sample but was absent from the pristine 40-m sample station. Band migration, hybridization, and sequencing demonstrated that the doublet corresponded to a marine Nitrosomonas group which was originally observed in 16S rDNA clone libraries prepared from the same sediment samples but with different PCR primers. Our data suggest that this novel Nitrosomonas subgroup was selected for within polluted fish farm sediments and that the relative abundance of this group was influenced by the extent of pollution.
In recent years, the culture of Atlantic salmon (Salmo salar L.) has become of major industrial importance worldwide, leading to concern over the impact of fish farming on previously pristine marine environments. Intensive cage cultivation of fish leads to localized pollution of the adjacent seabed through accumulation of uneaten food and fecal material (14, 21) . The impact of this organic enrichment on the underlying sediment is affected by several factors, such as water currents, turbulence, and depth and the duration, quality, and quantity of waste loading (41) , and anaerobic conditions can develop, resulting in the outgassing of hydrogen sulfide, ammonia, and methane.
The major component of fish feed is protein, and the output from fish farms, therefore, has a high nitrogen content. This may lead to eutrophication, since nitrogen is the major nutrient limiting phytoplankton growth (9) . Nitrification, the oxidation of ammonia to nitrate via nitrite, is central to the cycling of nitrogen in the environment and, when coupled with denitrification, alleviates the effects of eutrophication through removal of nitrogen to the atmosphere as nitrous oxide or dinitrogen gas (5) . Nitrification, however, is sensitive to low oxygen tension, sulfur compounds, high ammonia and nitrite concentrations, and the presence of a broad range of organic compounds (3, 20, 22, 24) . In situations of chronic pollution, nitrification and, consequently, the coupled process of denitrification are often completely suppressed, exacerbating the environmental impact of the aquaculture industry (21) .
The ammonia-oxidizing bacteria carry out the first, ratelimiting stage of nitrification, the conversion of ammonia to nitrite. The intractability of these organisms to isolation and laboratory cultivation has, until recently, prevented meaningful study of their community structure and diversity in natural environments. Phylogenetic analysis of pure cultures, based on 16S rRNA sequence data, has demonstrated that the ammonia-oxidizing bacteria can be divided into two groups. The first contains Nitrosococcus oceanus and forms a deep branch within the ␥ subgroup of the class Proteobacteria (44) . The second group, containing the majority of cultured strains, forms a tight cluster within the ␤-subgroup proteobacteria and can be subdivided into two clades, corresponding to Nitrosomonas spp. and Nitrosospira spp. (12, 43) . Sequence analysis of partial 16S ribosomal DNA (rDNA) clones (1,099 bases) obtained from marine sediment and soil samples by using primers specific for the ␤-subgroup ammonia oxidizers (27) revealed that the en-vironmental sequences which have been isolated so far from marine sediments and from soil form at least six clusters, four within the Nitrosospira clade and two within the Nitrosomonas clade ( Fig. 1) (37) . Stephen et al. (37) also presented the first evidence for the existence of marine representatives of the genus Nitrosospira. Analysis of alignments of shorter rDNAs, which included sequences from marine enrichment cultures, indicated that a seventh group, associated with Nitrosomonas europaea and Nitrosomonas eutropha, may also exist (37) . Pureculture representatives have now been isolated for all groups (40, 42) with the exception of Nitrosospira cluster 1 and Nitrosomonas cluster 5, although sequences from these two groups have been amplified from enrichment cultures of ammoniaoxidizing bacteria (37) .
rRNA sequence analysis has been used to compare ammonia oxidizer populations within acid and neutral soils and in fish farm sediments with various degrees of organic pollution (37) . A small group of novel Nitrosomonas sequences, designated cluster 5, was detected within polluted sediments but not within a pristine sediment, suggesting that nitrogen-rich organic pollution from fish farming may be selecting for or providing a source of particular ammonia oxidizers. Denaturing gradient gel electrophoresis (DGGE) (29) provides an alternative approach to the analysis of rDNA clone libraries and has recently been used successfully to demonstrate differences in ammonia oxidizer populations in sand dune sites (23) . PCR amplification products are electrophoresed through a denaturing polyacrylamide gel, enabling investigation of population differences through the presence or absence of bands in environmental samples. Bands can then be identified by using a range of oligonucleotide probes with various specificities within the ␤-subgroup ammonia oxidizers (38) . This approach has been used to confirm selection for particular ammonia oxidizers within acid-and neutral-pH agricultural soils (38) .
The aim of this study was to investigate the effects of organic particulate material from a marine fish farm on the ammonia oxidizer community structure in the underlying sediment by using 16S rDNA-based techniques and to relate these effects to process measurements. Furthermore, because the same DNA extracts were used in this study and in that of Stephen et al. (37) , it was possible to compare inferred population structures by using two different primer sets and different analytical methods.
MATERIALS AND METHODS
Fish farm location and cage history. The fish farm used in this study consisted of two sets of six cages and a fallow site situated in Glenmore Bay, Loch Sunart, West Scotland, United Kingdom (Ordnance Survey Map coordinate 592 618) at a water depth of 16 m. Samples were collected from cages which had been stocked with Atlantic salmon (Salmo salar L.) for 11 months following a 4-month fallow period.
Sample collection. Sediment samples (eight cores per sampling station) were collected in Perspex core tubes (59-mm inner diameter by 300-mm length) by divers at four stations. Station A was situated directly underneath a fish cage, while stations B and C were located on a transect leading from the cage, at distances of 20 and 40 m, respectively. An additional sample, from a transect at a distance of 10 m from the cage (station S), was also collected for chemical analysis, rate measurements, and cell counts only. Cores were transported to the laboratory in insulated boxes and stored at 8 to 10°C in the dark until processed (within 12 h).
After preliminary visual macroscopic inspection of the core appearance, the top 0.5 cm of each core was aseptically removed for analysis. Duplicate cores from stations A, B, and C were used in molecular analyses. After removal of subsamples of sediment for enrichment of marine ammonia-oxidizing bacteria (described in reference 37), samples (approximately 1 g each) were stored in sterile Eppendorf tubes at Ϫ70°C prior to DNA extraction. For nutrient determination, rate measurements, and most-probable-number (MPN) bacterial counts, two sets of three sediment cores (i.e., six cores) from stations A to C and station S were pooled to provide two replicates per sampling point.
Organic-matter content, porosity, and water content. To determine the porosity and water content of sediments, six 5-ml subsamples were taken by using disposable syringes with the luer ends removed, and wet weight was determined in preweighed glass vials. Sediment samples were frozen and lyophilized to a constant weight to give sediment dry-weight values, and the water content and porosity of each of the sediments were calculated. The organic-matter content of sediment was determined as weight loss by ignition (500°C, 12 h) of freeze-dried samples (approximately 1 g each) (7) .
Pore water nutrients. Concentrations of ammonia and nitrate in pore water were determined for each station. The pore water was separated from sediment by centrifugation in a polypropylene tube at 2,000 ϫ g for 10 min. Supernatants were removed, filtered through Whatman GF/F filters in an N 2 atmosphere, and stored frozen until chemical analysis was performed.
Ammonia and nitrite oxidation rates. Ammonia and nitrite oxidation rates for each station were determined by a modification of the method of Bianchi et al. (4) . For each replicate sediment sample, three subsamples (5 ml each) were deposited into each of three glass vials containing 10 ml of filtered (Whatman GF/F) seawater. One vial from each set was used as a control (i.e., no additions). Allylthiourea and sodium chlorate (final concentrations, 10 mg liter Ϫ1 and 10 mM, respectively) were added to the second and third vials to inhibit ammonia and nitrite oxidation, respectively. Vials were placed in a shaking water bath at 4°C, and nitrite concentrations were determined for samples taken at 0, 4, 8, and 24 h. Other environmental clone sequences (prefixed pH) and the enrichment sequence Enrich ZD5 were isolated from soil. For convenience, the tree has been pruned from a larger tree containing additional sequences from reference proteobacteria. The scale is 1% estimated change. For the design of the oligonucleotide probe, it was necessary to subdivide cluster 6, indicated by the asterisk, into two groups. Cluster 6a, represented by pH4.2A/23 on this tree, comprises a small cluster of three soil clones. All other known sequences belonging to cluster 6 are designated cluster 6b.
Denitrification rates. Rates of denitrification were determined by a modification of the method of Raymond et al. (31) . Subsamples (2 ml) of each replicate sediment core were transferred into four 10-ml bottles, each containing 2 ml of seawater. The bottles were flushed with chemically pure nitrogen (grade CP; BOC, Guildford, United Kingdom) and sealed with butyl rubber stoppers. Reduction of N 2 O to N 2 was inhibited by addition of acetylene (15 kPa; BOC)-saturated seawater (0.4 ml) to each bottle with a hypodermic syringe, and the bottles were incubated at 20°C. Samples were taken at 0, 30, 60, and 120 min by vortexing vigorously for 1 min before removal of 2.7 ml of the headspace into a preevacuated Monovette tube (Sarstedt Ltd., Leicester, United Kingdom). N 2 O was detected with a Varian model 3400 gas chromatograph equipped with an electron capture detector. Measured N 2 O values were read against a standard curve prepared with N 2 O from Distillers MG Limited (Reigate, Surrey, United Kingdom).
Enumeration of nitrifying and nitrate-respiring bacteria. Ammonia oxidizers, nitrite oxidizers, and nitrate-respiring bacteria within sediment samples were enumerated by the MPN technique in microtiter plates (32) . This involved vigorously shaking a 1-ml sediment sample in 9 ml of sterile seawater containing approximately 10 sterile glass beads (3 mm in diameter) for 1 min. For each group of bacteria, 0.2 ml of the appropriate autoclaved medium was dispensed into each well of a 96-well microtiter plate, and eight replicate twofold serial dilutions of sediment slurry (0.2 ml) were performed. Following incubation, wells were assayed for the presence of each group of bacteria as described below, and numbers were calculated by using MPN tables (32) .
Ammonia-oxidizing bacteria were enumerated in modified Watson's medium (16) prepared in artificial seawater, with the pH of the medium being adjusted to 7.5 by addition of sterile 5% Na 2 CO 3 after autoclaving (121°C for 15 min). The pH indicator phenol red was included in the medium to allow detection of a reduction in pH below 7. Inoculated MPN plates were incubated in the dark for 21 days at room temperature. Wells were scored as positive for ammonia oxidizers by acid production and by detection of NO 2 Ϫ and NO 3 Ϫ through development of a blue color after addition of 1 or 2 drops of 0.2% (wt/vol) diphenylamine in concentrated H 2 SO 4 .
Nitrite-oxidizing bacteria were enumerated in the medium of Alexander and Clark (2) prepared in artificial seawater. Wells were scored as positive for growth when nitrite was absent, as indicated by the lack of a color change upon addition of Griess Ilosvay reagents 1 and 2.
Nitrate respirers, i.e., those organisms capable of causing an increase in pH through reduction of nitrate to ammonia (dissimilatory nitrate reduction) or to nitrous oxide and nitrogen (denitrification), were enumerated in Alexander's (1) medium containing bromophenol blue as a pH indicator, which changes in color from yellow to blue with an increase in pH. Inoculated microtiter plates were placed in an anaerobic jar, the jar was sealed and then flushed with oxygen-free nitrogen, and the plates were read after incubation in the dark for 7 days.
DGGE. DNA was extracted directly from duplicate sediment samples from stations A, B, and C by a bead beating method (37) . PCR amplification of a 498-bp PCR product and subsequent DGGE analysis were carried out as described previously (23) , using the primers CTO178f-GC and CTO637r. This primer pair was designed for specific amplification of a 460-bp region of the 16S rDNA of ammonia-oxidizing bacteria belonging to the proteobacterial ␤-subgroup and incorporation of a 38-bp GC clamp (35) . PCR products were visualized by standard agarose electrophoresis followed by ethidium bromide staining. Approximately 200 ng of each product, estimated by visual reference to molecular weight standards, was used in the subsequent DGGE analysis. PCR amplification and DGGE analysis were also performed with rDNA clones which represented each currently recognized cluster of marine ␤-subgroup ammonia oxidizers (37), as follows: EnvC1-17 (Nitrosomonas cluster 6b), EnvB2-11 (Nitrosospira cluster 1), and EnvA1-21 (Nitrosomonas cluster 5). Polyacrylamide gels were stained with ethidium bromide and washed twice for 10 min each in 0.5ϫ TAE buffer (48.22 g of Tris base, 2.05 g of anhydrous sodium acetate, and 1.86 g of Na 2 EDTA ⅐ 2H 2 O [pH 8] in 1 liter of distilled water), and the UV gel image was then captured by using the Imager system (Ampligene, Illkirch, France). DNA was transferred to a nylon hybridization membrane, and the blot was hybridized with ␥-32 P-end-labelled oligonucleotide probes (listed in Table 1 ) by the procedure of Stephen et al. (38) . The identities of bands for clusters 1 and 6b were confirmed in this way. Bands corresponding to cluster 5 sequences were identified by comparison of their migration profiles with those of control clones and by sequence analysis of excised bands (described below). This was achieved by densitometry. The autoradiograph obtained by probing with ␤-AO233 was scanned by using a model GS-700 imaging densitometer (Bio-Rad). For each lane on the gel, bands corresponding to each cluster were selected and the data were processed by using the volume analysis function of Molecular Analyst software (version 1.5; Bio-Rad) and correcting for background signal. The relative abundance of the three detected clusters in the environmental samples was calculated as the percentage contribution of bands from each cluster to the total hybridization signal within each lane. Data are expressed as the means of duplicate samples.
Recovery and sequence analysis of bands from the DGGE gel. The putative cluster 5 bands, which could not be identified by specific oligonucleotide hybridization, were excised from the DGGE gel, reamplified, and sequenced (23) . Sequences were aligned against representative prokaryote 16S rRNA sequences from the Ribosomal Database Project (26) and ammonia oxidizer sequences (27, 37) . Sequence data were manipulated by using Genetic Data Environment (GDE) software, version 2.2, distributed by the Ribosomal Database Project. The GDE mask function was used to exclude from this analysis missing data or positions which could not be unambiguously aligned. Distance matrix analysis was performed by the Jukes and Cantor (19) correction and the neighbor-joining method (33) implemented in PHYLIP 3.5 (10) operated through GDE software.
Nucleotide sequence accession numbers. The sequences of the upper and lower cluster 5 DGGE bands have been deposited in GenBank under accession no. AF006666 and AF006667.
RESULTS
Macroscopic appearance of sediment samples. Core samples collected beneath the fish cage (station A) were extremely flocculant to a depth of 300 mm and consisted mostly of decomposing fish feed and feces. Sulfide-oxidizing bacteria formed a confluent white mat over the sediment surface, while the subsurface sediment was black due to the formation of ferrous sulfide. At station S, the sediment was coarser in texture but was otherwise similar to that at station A. At 20 m (station B), some signs of impaction were still apparent, although the ferrous sulfide layer penetrated to a depth of only 10 mm. It should be noted, however, that the region of the cores analyzed in this study (i.e., the top 0.5 cm) did not extend into the unaffected sediment layers. At station C, 40 m from the fish cage, there was no visual evidence of organic enrichment.
Organic content, water content, and sediment porosity. Organic content was highest directly beneath the fish cage, reflecting the high sedimentation rate of organic material, and was significantly reduced (P Ͻ 0.05) at all other stations (Table  2 ). Porosity and water content values of polluted sediments (0 and 10 m) were high, as indicated by their more viscous nature, particularly at station A (0.88). All three parameters decreased with distance from the fish cage, and readings at the 40-m site were indicative of a tightly packed, pristine sediment, in contrast to the highly disturbed, liquefied surface of cores collected from station A.
Ammonium, nitrate, and nitrous oxide concentrations. Ammonium levels directly beneath the fish cage were high (8 mmol liter Ϫ1 ) (Fig. 2) , reflecting the nitrogen content of sedimenting detritus, and decreased dramatically with increasing a Probe design and experimental determination of hybridization temperatures are described in reference 38. Nmo, Nitrosomonas; Nsp, Nitrosospira. Probe names are suffixed with the number of the 5Ј base complementary to the 3Ј base of the probe (E. coli numbering [6] ). distance from the cage. A similar profile was observed for sediment-bound ammonium (data not shown). Pore water nitrite concentrations, although considerably lower than ammonium levels, were elevated directly beneath the cage while showing little variation over the remainder of the transect (Fig.  2) . Nitrous oxide (determined during time zero sampling of denitrification assays) was also detected, with concentrations decreasing with distance from the cage site (Fig. 2) .
Nitrification and denitrification rates. Ammonia and nitrite oxidation rates at increasing distances from the fish cage are shown in Fig. 3 . At station A, directly beneath the fish cage, rates for both ammonia and nitrite oxidation were low (0.11 and 0.04 mmol of N m Ϫ2 day
Ϫ1
, respectively). At 10 m, ammonia and nitrite oxidation rates had increased considerably, with similar values being observed at stations B and C. Denitrification, measured as accumulation of N 2 O in the presence of acetylene, was not detected at any of the sampling points (data not shown).
Enumeration of ammonia-and nitrite-oxidizing and nitraterespiring bacteria. Numbers of ammonia-oxidizing bacteria were low at all stations and were generally only slightly above the lower detection limit (0.07 ϫ 10 6 bacteria m Ϫ2 ) (Fig. 4) . Despite the high concentration of ammonium at station A, there was no increase in the number of ammonia oxidizers, consistent with the low rates of ammonia oxidation measured at this station. A significant increase in numbers at station S was followed by a decrease over the remainder of the transect. A substantial population of nitrite-oxidizing bacteria was detected at station A, directly beneath the fish cage. The numbers decreased to detection level by 10 m and did not vary greatly over the remainder of the transect. MPN counts of nitraterespiring bacteria were highest at station S, decreasing with distance from the cage. DGGE analysis and oligonucleotide probing. PCR amplification products, with an incorporated GC clamp for DGGE analysis, were obtained for all six samples. Figure 5 illustrates the ethidium bromide-stained polyacrylamide gel and autoradiographs obtained by the use of oligonucleotide probes specific for ␤-subgroup ammonia oxidizers (Table 1) .
Southern hybridization with probe ␤-AMO233 (Fig. 5B) , designed for detection of all proteobacterial ␤-subgroup ammonia oxidizers, resulted in binding to all bands present on the ethidium bromide-stained gel (Fig. 5A ). The blots in Fig. 5C and D, probed with a cluster 1 marine Nitrosospira-specific oligonucleotide and a probe for marine Nitrosomonas spp. (cluster 6b only), respectively, demonstrated that these organisms were present in all sediment samples. In the blot shown in Fig.  5E , which illustrates the result of hybridization with a probe specific for all Nitrosomonas clusters (clusters 5 to 7), an additional band doublet was detected, with an intense signal in those lanes corresponding to highly polluted sediment (lanes 1 and 2), a less-intense signal at the 20-m station (lanes 3 and 4), and no signal at 40 m (lanes 5 and 6). While the intensity of this doublet decreased with decreasing pollutant levels, there appeared to be a corresponding increase in band intensity of the lower cluster 1 Nitrosospira sequences at the 20-and 40-m stations. This was confirmed by quantification of band densities (Fig. 6) , which illustrates the relative signal contribution of bands from each subgroup to the total hybridization signal, estimated with the ␤-AO233 probe, within DGGE products obtained at each sampling station. The band doublets did not hybridize with either cluster 6b (Fig. 5D )-or cluster 7 (data not shown)-specific oligonucleotide probes but comigrated with the control clone for the novel, marine Nitrosomonas clones.
On the basis of current sequence information, it is not possible to design cluster 5-specific oligonucleotide probes; hence, the identity was confirmed by sequence analysis of upper and lower bands. Both bands produced identical 422-bp sequences, and, as predicted, it appears that the degeneracy of the reverse PCR primer is responsible for the observed doublet effect (23) . A similar explanation may apply to the multiple banding observed for the cluster 1 control. The cluster 5 DGGE sequences show Ͼ99% identity (1 bp mismatch) with the partial clone sequence EnvA2-13, obtained from the same sampling site by using different PCR primers. Phylogenetic analysis illustrates clearly that these DGGE band sequences cluster within Nitrosomonas cluster 5 (100% of bootstrapped replicates), as shown in Fig. 1 . Quantification of the relative abundance of different clusters was carried out by densitometry. Figure 6 indicates the relative band intensities obtained when probe ␤-AO223, which detects all clusters of proteobacterial ␤-subgroup ammonia oxidizers, was used. Nitrosospira cluster 1 is the most abundant group at all three sites, comprising 53 to 83% of the total signal in each lane. This is in agreement with the original finding of Stephen et al. (37) that cluster 1 Nitrosospira spp. are found, and are potentially abundant, in marine environments. The relative quantity of signal from the cluster 5 bands, determined by using the ␤-AO223 probe (Fig. 5B) , was significantly higher at site A than at site B or C (P Ͻ 0.01). Similarly, the signal from site B was significantly higher than that at site C (P Ͻ 0.01). Although in Fig. 5B to E there appears to be an increase in both clusters 1 and 6 with increasing distance from the fish cage, no significant differences in the relative abundances of these groups at any of the sites were observed. Quantification of the total signal for each lane on the ethidium bromidestained gel, and after probing with ␤-AO233, indicates an increase in probe hybridization with distance from the fish cage, despite approximately equal DNA loadings (data not shown). This may be explained by amplification of nontarget sequences during the PCR or the presence within polluted sediments of ammonia oxidizers with rDNA sequences which are not complementary to oligonucleotides used in this study. Quantification of the relative abundance of Nitrosomonas clusters 5 and 6, when probed with the Nitrosomonas probe Nmo254, confirms that the cluster 5 signal significantly decreased, relative to the total signal within each lane, with increasing distance from the fish cage (data not shown). It was not possible in this study, however, to compare quantification of the relative abundance of cluster 5 by using both the Nitrosomonas probe Nmo254 and ␤-AMO233. A long exposure of the autoradiograph for Nmo254 (Fig. 5E ) was necessary to visualize cluster 5 bands in lanes representing station B samples, but this resulted in saturation of cluster 5 and 6 controls, thus preventing normalization of the data for the two probes. However, comparison of the ratios of each cluster within the environmental samples, using both probes, indicates that the probing efficiencies of the two oligonucleotides were similar.
DISCUSSION
The aim of this study was to investigate the relationship between biological and chemical data on nitrogen cycling and community structure of proteobacterial ␤-subgroup ammoniaoxidizing bacteria in polluted and unpolluted sediments, combining traditional and molecular biology-based methods. In addition, 16S rDNA sequence analysis (37) and DGGE analysis were compared by analyzing ammonia oxidizers from the same sediment samples with specific PCR primers targeted to different parts of the 16S rRNA gene. Only members of the ␤-subgroup ammonia oxidizers were targeted for molecular analysis, and ␥-subgroup ammonia oxidizers and unknown nitrifying organisms may have a role in nitrogen flux within polluted and unpolluted sediments.
Chemical and biological analyses indicated that nitrogen cycling beneath the fish cage had been severely disrupted by sedimentation of nitrogen-rich organic material from the cage. This detritus accumulation led to the formation of anaerobic sediment within the vicinity of the cage and undetectable levels of nitrification and denitrification. This is consistent with studies of model systems artificially enriched with organic material (8, 36) and other fish farm locations (11, 21) . It is possible that nitrification was inhibited by the low oxygen penetration, which generally decreases from 2 to 6 mm, in normal sediments, to less than 1 mm in areas of high organic loading (8, 18) .
The largest populations of ammonia-oxidizing bacteria and the highest nitrification rates were observed at station S, 10 m from the fish cage, while lower but detectable levels of both were observed at the 20-and 40-m stations. From these data it can be concluded that organic deposition from the fish cage did not affect process measurements for nitrification at a distance of 20 m, and the relative stimulation of ammonia oxidation at station S can be explained by the presence of elevated, but noninhibitory, concentrations of ammonium and organic material. Molecular analysis, however, did indicate differences in the compositions of the ammonia oxidizer communities directly beneath the fish cage and at 20 m, as shown by the presence of novel sequences within clone libraries (37) and the detection of additional DGGE bands. The MPN method for enumeration of ammonia oxidizers indicated that populations of less than 7 ϫ 10 4 bacteria m Ϫ2 (5-mm sampling depth) were present in the sediment underlying the fish cage, since no growth was shown in any replicates at any dilution factor tested. Stephen et al. (37) , however, enriched ammonia-oxidizing bacteria from all of the same sediment samples by using longer incubation periods. The appearance of novel bands in those samples from polluted sites suggests that the changes in environmental conditions in the vicinity of the fish cage led to selection for particular ammonia-oxidizing bacteria through the growth of these organisms and/or a decline of other members of the community. The relative importance of each of these factors is unknown, although pure-culture studies indicate that ammonia oxidizer cell numbers remain stable throughout a range of environmental stresses (15, 17) .
Cell concentrations of ammonia and nitrite oxidizers and nitrification rates over the sampling transect were not closely correlated. It is highly likely that the standard culture conditions used for enumeration were not suitable for growth of all sediment ammonia oxidizers, particularly since a single ammonium concentration was used in the growth medium while significantly different levels were measured in the sediment samples at each station. In addition, it is possible that inhibitory substances present at the highly polluted site adversely affected enumeration. Stephen iment samples, while Nitrosospira spp. were more abundant within clone libraries, suggesting that only a proportion of the total population will be enumerated. Similarly, the standard laboratory conditions used for process measurements may have been suboptimal for measurement of nitrification and denitrification in the sediments obtained during this study. For example, the chlorate method for measurement of nitrification may have been adversely affected within the polluted samples via inhibition of ammonia oxidation through reduction of chlorate to chlorite by nitrite oxidizers (13) . The application of 15 N-based techniques might have provided more-accurate flux data but would have required considerably larger samples.
Although nitrification and denitrification were not detected, nitrous oxide production was measured at the fish cage site and could have resulted from internal cycling of nitrogen within an oxygen gradient. Ammonia and nitrite oxidation may have occurred within aerobic regions, providing substrate for the reduction of nitrate to ammonium, via nitrite and nitrous oxide, within anaerobic regions. The resulting accumulation of nitrate and nitrous oxide beneath the fish cage may, therefore, have occurred because of an imbalance in the flux of nitrogen transformations within the system due to the particularly high levels of ammonium, i.e., higher rates of ammonia oxidation than of ammonium recycling. It is also possible that nitrous oxide was produced as a by-product of ammonia oxidation, while Schmidt and Bock (34) recently demonstrated simultaneous nitrification and denitrification by Nitrosomonas eutropha. Reduction of nitrate to ammonium may have been carried out by the nitrite-oxidizing bacteria (28, 39) rather than by heterotrophic nitrate-respiring bacteria. This is supported by high MPN counts for nitrite oxidizers and detection of only small populations of nitrate respirers at the polluted station. In a similar study, Kaspar et al. (21) showed that potential denitrification in sediment core slices collected from beneath a salmon fish cage was undetectable to a depth of 6 cm, while other studies have demonstrated that ammonium recycling is favored over denitrification when nitrate levels are low and the level of organic matter is high (25) .
In this study, DGGE analysis demonstrated a significant change in the community structure of ammonia oxidizers, the appearance of a novel subgroup of Nitrosomonas spp., within the polluted-sediment samples, confirming preliminary results based on sequence analysis of 16S rDNA gene libraries of ammonia oxidizers prepared from the same sediment samples with different PCR primers. These strains may have increased tolerance to low oxygen tensions, to increased ammonium concentrations, or to the presence of inhibitory substances or may have been introduced from external sources, such as fish feed or fecal pellets. Cluster 5 sequences showing 98.5 to 99.5% sequence similarity to near-full-length (1.1-kb) cluster 5 sequences from the polluted sediments have also been detected in an unpolluted, seaward sand dune site (23) . Information on the relative abundance of this novel subgroup in the sand dune site is not available, but in contrast to the polluted sediments, the nitrogen content of the sand dune site was low. The physiological and environmental significance of this group, therefore, remains unclear in the absence of physiological analysis of pure-culture representatives.
The presence of cluster 5 Nitrosomonas-like ammonia oxidizer strains within sediment collected at the 20-m site (Fig. 5A and 5E) corresponds with visual observations of minimal organic impact at this site but not with any chemical indication of nitrogen cycling disruption. This suggests that the community structure of the ␤-subgroup ammonia oxidizers is more sensitive to environmental changes than the physiological process carried out by these organisms, although it is important to note that community structure was assessed by rDNA analysis alone in the present study. Since nitrification was also detected at the 10-m distance, it can be concluded that the detrimental impact of pollution from the fish farm was limited to sediments in the immediate vicinity of the fish cage.
In conclusion, this study demonstrates clearly that DGGE analysis, in combination with Southern hybridization, represents an extremely elegant ecological tool for the analysis of bacterial diversity and is particularly applicable to the investigation of proteobacterial ␤-subgroup ammonia oxidizers, a phylogenetically and physiologically constrained group of microorganisms. DGGE is a relatively inexpensive and rapid method of assessing population diversity, and while this technology cannot supersede sequence analysis, which is comparatively expensive, repetitive, and time-consuming, it has been shown to complement analysis of rDNA clone libraries. In this investigation, it was possible to link gross process and biological measurements with more-subtle variation detected in the community structure. Inclusion of data from a broad range of environmental parameters-physical, chemical, and biological-proved invaluable in the interpretation of results from the molecular analyses, highlighting the necessity for comprehensive, multidisciplinary approaches to the study of microbial ecology. This study has confirmed the selection of a novel group of ␤-subgroup ammonia-oxidizing bacteria in sediments underlying and in proximity to fish farm cages. Further analysis of this group is necessary to understand fully its physiological and ecological significance in natural environments.
